ABSTRACT: A simple -to-fabricate woven mesh, consisting of bonded laminates of twodimensional plain-weave conductive screens is described. Geometric equations show that these porous matrices can be fabricated to have a wide range of porosity and specific surface area, β. A heat transfer model is developed. It shows that the laminates can have a highly anisotropic thermal conductivity vector, with in-plane effective thermal conductivities ranging to about 78.5% of base material v alues. A technique to measure the laminate in-plane effective thermal diffusivity is described. Measurements of the in-plane effective thermal diffusivity of copper plain-weave laminates are used to benchmark the model.
A thermally conductive, open cell porous matrix such as an unconsolidated bed of small particles, or foamed metal such as foamed aluminum, make excellent heat exchanger surfaces due to their large surface area-to-volume property, β. Also, when used as a fill material, these matrices are effective solid composite conductivity enhancers. However, due to high porosity (ε) coupled with the tortuosity effect, the effective thermal conductivity of these materials, k e is relatively small, so that much of the gain in performance obtained by having a large β is lost by having a relatively small k e . Typical values of k e in spherical particle packed beds are 10% -15% of the particle thermal conductivity, k s [Kaviany, 1995] . Commercially available metal foam such as aluminum foam, has an effective thermal conductivity that ranges from 2% to 6% of the base metal value [Ashby et al, 2000] . An anisotropic porous matrix having a large surface area to volume ratio and high effective thermal conductivity in a particular direction will result in a very effective heat exchange device. In this paper, we show that stacked laminates of conductive screening can be configured to have these characteristics. Such a porous matrix can be incorporated into the design of a flowthrough module or cold plate heat exchanger, resulting in a compact, high-flux device with reasonable pressure-drop characteristics [Park et al, 2002] . Furthermore, these laminates, when incorporated into a polymer-based composite sandwich structure, are promising conductivity enhancers [Zhao et al, 2002 ].
The earliest model for the effective thermal conductivity of a porous material is attributed to Rayleigh [1892, as referenced in Alexander, 1972] . The model assumes that the porous material is isotropic. More recently, Alexander [1972] , Koh and Fortini [1973] and Chang [1990] have reported models and empirical correlations specifically directed at the cross-plane effective thermal conductivity component of screen material. We have found no reference in the technical literature for the in-plane component of the effective thermal conductivity. , respectively. In the absence of crimping, the screen has thickness t 1 = dx + dy. Filament lengths are [Luo and Mitra, 1999] c f is the compression factor. The magnitude of the compression factor depends on the weave pattern, mesh numbers and wire filament diameters of the screen, and the stacking arrangement of the screen layers. If we restrict our attention to screens with
Consideration of Figs. 1 and 2 leads to expressions for the porosity, ε and specific surface area, β of plain-weave screen laminates. [Xu, 2001] that the reduced metal fraction is a function of ( )
and β is a function of ( )
The in-plane effective thermal conductivity in the ydirection may be determined by considering the thermal circuit for conduction across the transformed unit cell, shown in Fig. 3 . The figure shows three heat-flow paths: R s2 is the thermal resistance for conduction along the axis of the y-wire filaments; R s1 is the thermal resistance across x -wire filaments; R f1 is the thermal resistance to conduction in the ydirection, across the intervening "fluid" lying between x-wire filaments; and, R f2 in the thermal resistance of the fluid slab that lays between the y-wire filaments. These resistances are given as 
We further require that the volume of wire filaments be preserved across the geometric transformation shown in Fig. 1 . Then
If we define the effective thermal conductivity in the y-direction as 
are the dimensionless effective conductivity and "fluid" conductivity, respectively.
Since most available commercial woven mesh products are isotropic structures, i.e dx=dy=d and Mx=My=M, the above general results can be simplified. 
4 MODEL VERIFICATION WITH EXPERIMENT

Measurement of Thermal Diffusivity
Consider a uniform cross section, long and slender test article with well-insulated periphery, as shown in Fig. 7 . The test article is initially at a uniform temperature, T i when a time-varying heat flux is applied to one end. We measure the temperature response at three locations, as shown in the figure. Assume constant thermophysical properties and one-dimensional transient conduction in the domain between points 1 and 3. The temperature response at point 2 will be given as
The temperature response at point 1 describes the heat input to the test domain; that at point 3 describes the heat outflow from the test domain. Then, the temperature response at point 2 can be used to determine the thermal diffusivity, α.
The test rig consists of a radiant heat source and shutter mechanism, and well-insulated screen laminate test articles that are approximately 200mm long. Temperatures at points 1, 2 and 3 are sensed with 0.25mm diameter Type T thermocouples that are soldered to the test article. Measurement points are located with an accuracy of ±0.1mm. Temperatures are recorded at a rate of 10 -20 samples per second, with an accuracy of approximately ±0.2°C. -5 m 2 /s and the implied offset error, based on the handbook value of thermal diffusivity of alloy C10100, is +5.2%.
Screen Laminates Test Articles
Isotropic, plain-weave copper screens are stacked and bonded together (using 95/5 Sn/Pb solder) to form t he screen laminates. Various screen laminate samples were fabricated with this method: the mesh numbers range from 6.3cm -1 (16inch -1 ) to 15.75cm -1 (40inch -1 ), the bare copper wire filament diameter ranges from 0.28mm to 0.46mm, and the number of layers ranges from 3 to 10. Measured compression factors range from 0.70 to 1.00. Figure 8 shows a typical copper plain-weave screen-laminate. The wire filaments have an effective diameter of 0.48mm, and the mesh number is 6.3cm
The sample has ε = 0.689, β =2592m -1 .
Twenty (20) test articles of the above mentioned fabricated isotropic screen laminates specimens are tested. In the calculation, the effective density/specific heat product, ?c of the screen laminate is calculated based on the measured weight ratios of copper and solder material in the composites. The copper wire properties are: ρ = 8940 kg/m 3 , c = 393.5 J/(kg·K, k s = 400 W/mK). The Sn-Pb solder material's properties are: ρ = 7317kg/m 3 , c = 230.0J/kg·K, k s = 56 W/mK. As different specimens have different weight ratios of copper and solder material, so the calculated effective densities for the laminates range from 8694kg/m 3 to 8796kg/m 3 , the specific heats range from 369.1J/kg·K to 379.0J/kg·K and, the thermal conductivity range from 349.7 W/mK to 371.1 W/mK. The thermal conductivity of air at temperature of 323K, 0.0278W/m·K is used.
Test results.
The average test result of reduced dimensionless in-plane equivalent conductivity for each specimen is shown with σ 2 error bars in Figure 9 . Each data point shown represents six or more test runs of the same sample. The model prediction for the isotropic plain-weave screen laminate saturated with air is also shown in the figure. It shows that the prediction of the present model is within 10% of all of the measurements. With consideration of the non-uniform solder layer's thickness on the filaments, and non-uniform properties of the high porosity screens, the prediction of the present model is quite accurate.
CONCLUSION
Simple porous media structures can be fabricated from conductive screening. The resulting structures can be configured to have a wide range of porosity, specific surface area and in-plane effective thermal conductivity which could be up to 23% and 78% of the filament material's conductivity for isotropic and anisotropic plain-weave screen laminates, respectively. The in-plane effective thermal conductivity of screen laminates, in particular for anisotropic screen laminates is much greater than that can be achieved with other porous media configurations. The material can be configured to have highly anisotropic thermal properties while at the same time high porosity is maintained.
The simple universal model for effective in-plane thermal conductivity and porosity has been verified with benchmark experiments. A technique for thermal conductivity (diffusivity) is set up and calibrated. 
